Abstract Two major isoprenoids, farnesyl pyrophosphate and geranylgeranyl pyrophosphate, serve as lipid donors for the posttranslational modification (known as prenylation) of proteins that possess a characteristic C-terminal motif. The prenylation reaction is catalyzed by prenyltransferases. The lipid prenyl group facilitates to anchor the proteins in cell membranes and mediates protein-protein interactions. A variety of important intracellular proteins undergo prenylation, including almost all members of small GTPase superfamilies as well as heterotrimeric G protein subunits and nuclear lamins. These prenylated proteins are involved in regulating a wide range of cellular processes and functions, such as cell growth, differentiation, cytoskeletal organization, and vesicle trafficking. Prenylated proteins are also implicated in the pathogenesis of different types of diseases. Consequently, isoprenoids and/or prenyltransferases have emerged as attractive therapeutic targets for combating various disorders. This review attempts to summarize the pharmacological agents currently available or under development that control isoprenoid availability and/or the process of prenylation, mainly focusing on statins, bisphosphonates, and prenyltransferase inhibitors. Whereas statins and bisphosphonates deplete the production of isoprenoids by inhibiting the activity of upstream enzymes, prenyltransferase inhibitors directly block the prenylation of proteins. As the importance of isoprenoids and prenylated proteins in health and disease continues to emerge, the therapeutic potential of these pharmacological agents has expanded across multiple disciplines.
Introduction
Isoprenoids are short-chain lipid molecules produced in the mevalonate pathway ( Fig. 1 ) [1] . They include isopentenyl pyrophosphate (IPP), farnesyl pyrophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP). FPP and GGPP serve as lipid donors for the posttranslational modification (known as prenylation) of proteins that possess a characteristic C-terminal motif, CAAX, in which a cysteine (C) residue is followed by two small aliphatic (A) residues and a variable (X) residue. Prenylation occurs at the C residue with the attachment of either farnesyl or geranylgeranyl group catalyzed by prenyltransferases: farnesyl transferase (FT) and geranylgeranyl transferase type I (GGT-I) and II (GGT-II or RabGGT). The X residue contributes significantly to the specificity of prenyltransferases [2] . The lipid prenyl group facilitates to anchor the proteins in cell membranes and mediates protein-protein interactions. A variety of important intracellular proteins including heterotrimeric G protein subunits and nuclear lamins are prenylated but the largest, and most extensively studied group, is the small GTPase superfamilies including the well-known Ras, Rab, Rho, and Rac [3] . Small GTPases are essential signaling proteins that regulate a variety of cellular processes and functions, such as cell growth, differentiation, cytoskeletal organization and vesicle trafficking. The prenylation status of small GTPases affects their intracellular trafficking, subcellular localization and interactions with substrates. Therefore, prenylation modifies the functions of small GTPases as well as the functions of their downstream effectors. Prenylated proteins have been found to play a critical role in the development of some cancers and other diseases including cardiovascular and cerebrovascular diseases, bone diseases, Alzheimer's disease (AD), and progeria. Consequently, isoprenoids and/or prenyltransferases have emerged as attractive therapeutic targets. This review attempts to summarize the pharmacological agents currently available or under development that control isoprenoid availability and/or the process of prenylation, i.e., statins, bisphosphonates, and prenyltransferase inhibitors, and their potential therapeutic applications, focusing on Alzheimer's disease.
Statins
Statins are a class of drugs that have been successfully used for the treatment of hypercholesterolemia and the prevention of coronary heart disease in the last 20 years [4, 5] . Statins selectively inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the rate limiting enzyme of the mevalonate pathway ( Fig. 1 ) [1] , which is the principal cholesterol biosynthesis pathway in eukaryotic cells. By targeting HMG-CoA reductase, statins block the conversion of HMG-CoA into mevalonate, the initiating step of cholesterol biosynthesis, and thus lower the production of downstream molecules including isoprenoids and cholesterol. In the liver, the reduced intracellular cholesterol level induces the up-regulation of LDL (low-density lipoprotein) receptors that thereby restore the intracellular cholesterol homeostasis, which subsequently promotes the clearance of cholesterolloaded LDL in the blood [6] .
Several statins have been approved by the US Food and Drug Administration (FDA; Table 1 ). These statins vary in their derivation, physical properties, pharmacology, and pharmacokinetics. Lovastatin is a natural product of a fungus Aspergillus terreus, whereas others are produced by chemical modification of lovastatin (such as simvastatin and pravastatin) or by chemical synthesis (such as atorvastatin, fluvastatin, rosuvastatin, and pitavastatin) [7, 8] . Each of the statins has a characteristic structure that interacts with the binding site of HMG-CoA reductase [9] , inhibiting the enzyme activity and the production of downstream molecules. Although all statins share a common mechanism for inhibiting HMG-CoA reductase, they differ in terms of their potency and their ability to cross the blood-brain barrier (BBB ; Table 1 ) [7, 8, 10, 11] .
A large body of evidence indicates that the beneficial effects of statins in preventing coronary heart disease extend beyond their cholesterol-lowering ability [12] . Cholesterolindependent (pleiotropic) effects of statins have been shown in a number of in vitro, animal models and clinical studies, such as reducing the risk of stroke [13] , osteoporosis [14] , and multiple sclerosis [15] . Many of the pleiotropic effects of statins are shown to be mediated through inhibition of the synthesis of isoprenoid intermediates, such as FPP and GGPP, in the mevalonate pathway (Fig. 1 ).
More recently, epidemiological studies show that statins decrease the risk of AD although prospective studies have produced mixed results. The discrepancies among these studies most likely are caused by differences in the choice and dose of statins, the selection of patient populations, the Fig. 1 [16] ). Since epidemiological studies have demonstrated a correlation between high cholesterol levels and the incidence of AD [17] [18] [19] , some of the benefits of statins in AD could be attributed to the well-established cholesterol-lowering function of statins. Indeed, several in vitro and in vivo studies have shown that statins modulate the processing of amyloid-β precursor protein (APP) and decrease the production of amyloid-β peptide (Aβ) through lowering the cellular cholesterol content [20] [21] [22] . However, emerging evidence indicates that beneficial effects of statins in AD are not limited to lowering levels of cholesterol. The isoprenoid-dependent pleiotropic effects of statins may also contribute to their role in AD therapy as summarized below.
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Effects on APP/Aβ Metabolism
One of the pathological hallmarks of AD is the deposition of aggregated Aβ in neuritic plaques and cerebral vessels. Aβ (38-43 amino acids) is derived from a large transmembrane glycoprotein, APP, by proteolytic processing. The generation of intact Aβ requires the activity of both β-secretase and γ-secretase, which cleave within the luminal and transmembrane domain of APP, respectively. The α-secretase cleaves within the sequence of Aβ, thus precluding the formation of intact Aβ (non-amyloidogenic processing of APP), and produces the neurotrophic soluble fragment, sAPPα [23] .
A number of studies have shown that statins affect APP processing and Aβ production through isoprenoiddependent pathways as well as cholesterol-dependent pathways. Atorvastatin and simvastatin were found to stimulate α-secretase activity and shedding of non-amyloidogenic sAPPα by depleting FPP and inhibiting farnesylation of Rho and Rho kinase in a murine neuroblastoma cell line [24] . In contrast, other in vitro studies reported that lovastatin or simvastatin augments intracellular accumulation of APP and Aβ, in parallel with a decrease of secreted Aβ, in a GGPP-dependent manner [25] [26] [27] . The mechanisms proposed include the increase/activation of β-secretase [25] , inhibition of vesicle trafficking [26] , and inhibition of γ-secretase activity [27] . However, a recent study showed that statins decrease Aβ levels only by lowering cellular cholesterol levels rather than the levels of FPP/GGPP or prenylation in a human neuroblastoma cell line [28] . In vivo, many studies found no significant changes in the level/deposition of Aβ with statin treatments (reviewed in [29] ), while the beneficial effects of statins were still observed. We have demonstrated that simvastatin enhances spatial learning and memory without affecting the level/ deposition of Aβ in a transgenic mouse model of AD, Tg2576 mice [30] . A careful comparison of published experimental studies revealed that reduction of Aβ was only observed in the studies where a high dose of the drug was used and/or the drug treatment was initiated before the manifestation of β-amyloidosis. Yet, a recent study demonstrated that fluvastatin, at clinical doses, significantly reduced the level of Aβ and the C-terminal fragments (CTFs) of APP in the brain of wild-type C57BL/6 mice [31] . The underlying mechanisms include enhanced trafficking of APP-CTFs from endosomes to lysosomes for degradation, associated with marked decrease of prenylated Rab proteins, and increased clearance of Aβ from the brain through upregulation of low-density lipoprotein receptor-related protein 1 (LRP-1) at the blood-brain barrier [31] . Clearly, the effects of statin-induced depletion of isoprenoids on APP/Aβ metabolism are much more complex than previously thought.
Immunomodulatory Effects
Convincing data indicate that innate immunity are involved in the pathogenesis of AD (recently reviewed by [32] ). Many inflammation-related proteins, such as immunoglobulins, complement factors, α1-antichymotrypsin, apoE, clusterin, Modified from reference [7, 8, 10, 11] BBB blood-brain barrier, CYP cytochrome P450, LDL-C low-density lipoprotein cholesterol a The effect was obtained in hyperlipidemic patients by a daily dose of 40 mg of all statins except for pitavastatin (4 mg) [10] intracellular adhesion molecule-1, α2-macroglobulin, [45] . Moreover, microglia cultures exposed to simvastatin and atorvastatin showed reduced level of pro-inflammatory cytokine IL-6 [46] . Recently, it has been shown that simvastatin treatment also prevents Aβ-induced production of interferon-γ (IFN-γ) and enhances the immune responses to Aβ vaccination [47] .
Interestingly, despite the extensive reports on antiinflammatory effects of statins, the impact of statins on the immune system of the CNS remains elusive. While no mechanism dominates the anti-inflammatory effects of statins, they are partly attributable to the inhibition of small GTPase prenylation. For example, statin-mediated inhibition of Rho GTPase leads to the attenuation of Aβ deposit-associated inflammation [48] . Statin treatments also cause the accumulation of un-prenylated, nonfunctional small GTPases and inflammatory inhibition, which can be reversed by the addition of isoprenyl precursor or GGPP [49].
Neuroprotective Effects
Apoptosis-mediated neuron loss represents one of the key detrimental hallmarks in AD pathology. Substantial evidence suggests that statins protect neurons by suppressing Aβ-induced apoptosis. For instance, simvastatin treatment enhances the expression of Bcl-2, a pro-survival molecule, and reverses the Aβ-induced expression of caspase-3 and neuron death. With the addition of Bcl-2 anti-sense oligonucleotides, however, this neuroprotective effect of simvastatin is abolished, suggesting the protective effect is Bcl-2 dependent [50, 51]. In SH-SY5Y cells, rosuvastatin has been shown to curtail the caspase-3 activity by approximately 50 %, while at the same time raising the level of a pro-survival fragment, sAPP-α [52]. In addition, statins protect cultured cortical neurons from excitotoxicity after exposure to N-methyl D-aspartate (NMDA) [53] and monosodium glutamate [54] . Furthermore, in a rabbit ischemic stroke model, simvastatin exhibits neuroprotective effects by inhibiting Rho-associated kinase (ROCK) [55] , and in a mouse model for Parkinson's disease, simvastatin prevents dopaminergic neuronal loss by inhibiting the activation of Ras [56] . On the contrary, lovastatin has been shown to enhance apoptosis and tau protein phosphorylation in neurons via regulation of the Rho family of GTPase [56, 57] . Interestingly, among all commercially available statins, simvastatin was found to be the most effective at protecting against kainate-induced excitotoxicity and memory impairment [58] .
Statins have also been shown to protect neurons from Aβ-associated apoptosis by activating various anti-apoptotic pathways. For example, lovastatin enhances Wnt signaling pathway by stabilizing β-catenin through inhibition of glycogen synthase kinase 3β (GSK-3β) [59], thus protecting against Aβ-induced neurotoxicity [57] . Atorvastatin also promotes neuron survival and plasticity through catenin pathway in a rat model of stroke [60] . Furthermore, simvastatin and lovastatin promote cell survival by activation of phosphoinositide 3-kinase (PI3-K)/Akt pathway and mitogen-activated protein kinase (MAPK) pathway [61, 62] . In addition, atorvastatin increases cell survival by enhancing transforming growth factor β1 (TGF-β1)/Smad signaling pathway [63] . Although the underlying mechanisms by which statins regulate signaling molecules are not fully understood, inhibition of RhoA/Rock pathway has been shown to mediate some of the effects of statins on aforementioned signaling pathways [60, 63] .
Effects on Cognitive Function and Synaptic Plasticity
Many studies on the cognitive effects of statins have focused on the potential therapeutic benefits of statins for the treatment of stroke or traumatic brain injury [64] [65] [66] [67] . For example, in rat models, chronic administration of atorvastatin or simvastatin following traumatic brain injury have been shown to improve rehabilitation of spatial memory [66] , reduce inflammatory cytokine production [64] , and improve cerebral blood flow to the injury site [65] . Furthermore, statins stimulate angiogenesis, neurogenesis, synaptogenesis in treated animals [65, 66] , and promote neurite outgrowth in cultured hippocampal neurons [68] . Though, it is noteworthy that several studies indicate that under some conditions (e.g., high concentrations), statins may decrease neurite outgrowth or synaptogenesis [69] [70] [71] . Recently, the therapeutic potential of statins in AD has been investigated, largely prompted by the findings from epidemiological studies that show a markedly lower prevalence of AD/dementia in statin-prescribed populations [72, 73] . However, while some prospective studies showed that statin treatment improved cognitive function in normocholesterolemic patients [74] or slowed the decline in cognitive function of AD patients [75] , others show no protection of statins in preventing AD in a group of patients at risk for cardiovascular disease [76, 77] . In rare cases, use of statin has also been associated with cognitive impairment [78] . The possible reasons for such discrepancy have been reviewed thoroughly recently [16, 79] . Experimentally, we reported that chronic simvastatin treatment rescued hippocampaldependent learning and memory in a transgenic mouse model of AD independent of changes in Aβ pathology [30] . Interestingly, dramatic memory improvements were also observed in non-transgenic wild-type littermate controls [30] , indicating a general pro-cognitive effect on brain function. A similar effect has been observed in adult rats treated with simvastatin for 25 days prior to testing in passive avoidance or object-inplace tasks [80] .
In mammalian systems, the molecular and cellular changes mediating the induction and maintenance of longterm potentiation (LTP), a long-lasting synaptic enhancement, in the hippocampus are widely considered to be the basis for explicit memory formation and storage [81] . In AD, dysfunction of cholinergic and glutamatergic synapses in the hippocampus and neocortex occurs prior to apparent neuronal degeneration [82] . Thus, rescuing synaptic function could be an effective early intervention against AD. Atorvastatin has been shown to increase synaptic plasticity in the hippocampus of rats following acute in vivo administration of Aβ [83] . However, these potentially beneficial effects of statins are countered by a report that acute in vitro treatment of mouse hippocampal slices with mevastatin (also known as compactin; a statin not approved for human use) inhibits LTP at CA3-CA1 synapses [84, 85] . Recently, we have demonstrated that treatment of hippocampal slices for several hours with simvastatin increases the magnitude of N-methyl-D-aspartic acid receptor (NMDAR)-dependent LTP in the CA1 region in the hippocampus of adult wildtype mice [86, 87] . The reasons for the discrepancy between the studies may be related to the differences in the type of statins, the LTP induction protocols, and the age of the animals used [86] .
The molecular mechanisms underlying the effects of statins on synaptic plasticity and cognitive function have not been fully elucidated. Likely, statins exert their prosynaptic/pro-cognitive effects through multiple pathways (Fig. 2) . We have shown that enhancement of learning and memory by chronic simvastatin treatment is associated with an increased level of activated (phosphorylated) Akt (p-Akt) in the brain of wild-type mice [30] . Consistent with our results, the PI3-K/p-Akt signaling pathway has been implicated in synaptic plasticity and memory consolidation [88] . Recently, we further demonstrated that a PI3-K inhibitor, LY-294002, selectively reduces LTP in simvastatin-treated slices [86] , suggesting that PI3-K signaling is necessary for simvastatin-induced LTP enhancement.
Several lines of evidence indicate that statin-induced depletion of isoprenoids and subsequent inhibition of small GTPase prenylation are responsible for modulating cognitive and synaptic functions. In a mouse model of neurofibromatosis type 1 (NF1) mental retardation, caused by excessive p21 Ras activity, lovastatin normalizes p21Ras activity and reverses deficits in LTP and spatial learning [89] . Consistently, several other studies have shown that Ras negatively regulates NMDAR transmission. H-Ras overexpression decreases tyrosine phosphorylation of NMDAR NR2A subunit and the magnitude of LTP [90] , and inhibiting a Ras effector protein, RACK1, increases NMDAR currents in hippocampal neurons [91] . Conversely, H-Ras-deficient mice display enhanced tyrosine phosphorylation of NMDAR NR2A and NR2B subunits that occurs with an accompanying increase in NMDAR conductance and LTP magnitude [92] . These findings strongly suggest that statin-mediated Ras inhibition could account for the augmentation of NMDAR-dependent plasticity in statintreated animals. Recently, we found that the LTP-enhancing property of simvastatin is specifically blocked by supplementation of FPP, the substrate for farnesylation [87] . Our observations corroborate several reports [89] [90] [91] [92] demonstrating a negative relationship between NMDAR-dependent synaptic plasticity and the farnesylation pathway. As the brains of AD patients produce elevated amounts of FPP and GGPP [93] , it is plausible that elevated isoprenoid production may be directly detrimental to synaptic and cognitive function, and therefore statins may present a potential treatment for synaptic and cognitive disorders.
Bisphosphonates
Bisphosphonates (BPs) are chemically stable analogues of natural pyrophosphate compounds that normally prevents calcification of soft tissues, and regulates bone mineralization [94] . BPs had been available hundreds of years but it was only 40 years ago that they were discovered as effective inhibitors of bone resorption [95, 96] . Since then, numerous BPs have been synthesized and many of them are approved for treating bone diseases of excessive bone resorption [97] . Based on their mechanisms of action, BPs can be categorized into two groups: the non-nitrogen BPs and nitrogencontaining BPs. The non-nitrogen BPs, such as etidronate and clodronate, have simple chemical structures. They act by incorporating into toxic, non-hydrolyzable ATP analogues [98] . The more potent, nitrogen-containing BPs (N-BPs), such as pamidronate, neridronate, risedronate, zoledronate, minodronate, alendronate, and ibandronate, inhibit the enzymes in the mevalonate pathway [98] . The main target of N-BPs is farnesyl pyrophosphate synthase (FPPS), downstream of HMG-CoA reductase where statins act (Fig. 1) . This section will be focused on the current state of research on N-BPs ( Table 2) .
Mechanisms of Action of N-BPs
The therapeutic application of N-BPs attributes to the properties common to all BPs: their backbone P-C-P structure and the ability to chelate calcium ions. Therefore, they are targeted rapidly to bone mineral surface in vivo, where they are taken up mainly by osteoclasts (bone-destroying cells). Emerging evidence, however, indicates that other endocytic cells such as monocytes and macrophages may also internalize BPs that are present transiently in the circulation [99] . Once inside the cell, N-BPs, through yet an unknown intracellular pathway, bind FPPS and inhibit its activity, leading to a depletion of FPP and GGPP. a Analyses of FPPS inhibition were conducted with recombinant human enzyme [155] b Binding affinity of N-BPs for human bone [156] c No enzymes capable of cleaving the P-C-P bond have been discovered. N-BPs are absorbed, stored, and excreted from the body unaltered [157] . The biological half-life of N-BPs in the blood is very brief as they rapidly bind to bone, whereas their retention in the skeleton may last a lifetime prenylation process is impaired, causing loss of membrane attachment of proteins such as small GTPases, loss of interactions with other proteins and downstream signaling, and/or accumulation of unprenylated proteins and therefore inappropriate activation of downstream signaling pathways. Concurrently, inhibition of FPPS also results in the accumulation of upstream metabolite IPP (Fig. 1) , which leads to the formation of new metabolites such as ApppI (an ATP analog) [98] . Although N-BPs may act on additional molecular targets, these two mechanisms, inhibition of protein prenylation and accumulation of ApppI, are mainly responsible for the antiresorptive and apoptosis-inducing effects of these agents on osteoclasts [98] . By inhibiting bone resorption and inducing osteoclast apoptosis, N-BPs reduce bone turnover, increase bone mass, and improve bone mineralization. Interestingly, the effects of N-BPs on osteoclasts are mediated primarily through inhibition of protein geranylgeranylation rather than protein farnesylation, even though NBPs depletes both GGPP and FPP. This is supported by experiments in which supplementation of geranylgeraniol, which is readily converted to GGPP for protein geranylgeranylation, but not farnesol, which is readily converted to FPP for protein farnesylation, abolishes the effects of N-BPs on inhibiting osteoclast formation and bone resorption [100] . Additional evidence comes from studies in which specific prenylation inhibitors were used. Whereas loss of geranylgeranylated proteins in osteoclasts in the presence of a GGT inhibitor blocks bone resorption, loss of farnesylated proteins in the presence of an FT inhibitor has little effect [101] . Therefore, geranylgeranylated proteins appear to play a significantly more important role in regulating the functions of osteoclasts than farnesylated proteins.
Potential Applications of N-BPs in Diseases Other Than Bone Disorders
Therapeutic applications of N-BPs in other conditions are limited by their rapid targeting to bone. However, studies have shown that N-BPs possess strong anti-tumor activities in vitro and in some in vivo models of cancer through FPPS inhibition in tumor cells [102] . Additionally, N-BPs may have therapeutic potential for Hutchinson-Gilford progeria syndrome (HGPS), caused by mutations in nuclear lamin A protein and subsequent accumulation of prenylated mutant lamin A [103, 104] . Treatment of N-BPs in combination with statins was found to attenuate the aging symptoms and extends longevity in a mouse model of HGPS [105] . The combined treatment effectively inhibits the prenylation process and therefore blocks abnormal membrane localization and function of mutant lamin A in the nucleus of HGPS cells [105] . Furthermore, some evidence indicates that NBPs may have positive effects on neurodegenerative disorders such as Alzheimer's disease. An in vitro study shows that N-BPs prevent the oxidative stress-induced inactivation of human brain muscarinic acetylcholine receptors exposed to Alzheimer's brain extract [106] . An animal experiment demonstrates that a BBB permeable N-BP suppresses the activity of acetylcholinesterase (AchE) in the frontal cortex of rats [107] , implicating the potential benefits of N-BPs in AD as AchE inhibitors are commonly used to treat patients with AD. The recent finding that levels of FPP and GGPP are elevated significantly in the brain of Alzheimer's patients [93] also suggests that treatment with FPPS inhibitors to reduce downstream isoprenoids may provide therapeutic benefits. However, development of prodrugs of N-BPs or other types of FPPS inhibitors, which circumvent the tissue distribution limitations of these compounds, will be necessary for clinical use of these drugs in treating neurological disorders. Alternatively, a drug delivery vehicle can be developed to deliver and protect N-BPs until they are released in the CNS.
Much effort has been made to remove the phosphonate groups of N-BPs so that they would be accessible to other tissues. Interestingly, even subtle modifications to the phosphonate groups (such as methylation) that reduce binding to bone mineral also decrease the ability of these compounds to inhibit protein prenylation because the phosphonate groups appear to be critical for interacting with the substrate binding site of FFPS [108] [109] [110] . Recently, novel non-BP inhibitors of FPPS that bind to an allosteric site on the enzyme have been identified [111] . These inhibitors lack the phosphonate groups of N-BPs and thus do not bind to bone mineral, offering the hope that this new class of compounds may lead to a much broader therapeutic applications of FPPS inhibitors clinically.
Prenyltransferase Inhibitors
As discussed above, both statins and N-BPs function by limiting the availability of prenylation substrates, FPP and GGPP. Therefore, they affect protein prenylation broadly and nonspecifically. Prenylation reactions are catalyzed by one of the three prenyltransferases: FT, GGT-I, and GGT-II. While protein targets for FT and GGT-I include CAAXcontaining farnesylated proteins (Ras, nuclear lamins, and others) and geranylgeranylated proteins (Rho/Rac families and others), respectively, Rab protein family members are exclusive substrates of GGT-II, of which much less is known [112] . To target the prenylation of certain proteins, selective inhibitors have been developed to curtail the activity of FT and GGT-I specifically and several of them are in clinical trials [113, 114] (Table 3) .
Farnesyl Transferase Inhibitors
Initial interest in developing farnesyl transferase inhibitors (FTIs) was prompted by the finding that approximately 30 % of all human cancers harbor activating oncogenic mutations in the Ras genes (mainly H-Ras, K-Ras, and N-Ras) and that farnesylation was absolutely required for the malignant transforming activity of mutated Ras GTPases [115] . The importance of farnesylation in tumorigenesis is underscored recently by tissue-specific genetic deletion of FT in mouse models, in which the mutant K-Ras-induced lung cancer is hampered and the lifespan extended [116] , further validating the efforts of developing FTIs as anti-cancer therapies.
A variety of FTIs have been developed and investigated in anticancer clinical trials. These include peptide analog inhibitors that mimic and compete with substrates of FT, CAAX-containing proteins or FPP, as well as nonpeptidomimetic inhibitors or compounds that were identified from high throughput screening of large compound libraries. Several FTIs, including tipifarnib, lonafarnib, BMS-214662, and L-778,123, have been or are being evaluated in clinical trials (Table 3) . FTI treatment results in the reversal of several hallmarks of cancer, including mitotic arrest at prometaphase [117, 118] , induction of apoptosis [119, 120] , inhibition of anchorage-dependent and anchorage-independent growth [121] , reduction of invasion and angiogenesis [122, 123] , and induction of tumor regression in animal models. Although preclinical studies indicate that FTIs are highly effective as anti-cancer agents, clinical trials with FTIs have only produced limited success (recently reviewed in [113] ). The reason for such poor clinical outcome is not completely clear but partly due to the lack of complete understanding on the mechanism of action of FTIs and the obscurity of specific farnesylated proteins critical for the development of certain cancers. Another possibility relates to the fact that K-Ras and N-Ras can be geranylgeranylated by GGT when FT is inhibited and remain fully functional [124] [125] [126] , therefore escaping the inhibition by FTIs. This situation prompts the effort of developing GGT inhibitors (geranylgeranyl transferase inhibitors (GGTIs); discussed below).
The application of FTIs has extended beyond cancers. As with statins and N-BPs, FTIs have been shown to offer beneficial effects on Hutchinson-Gilford progeria syndrome (HGPS), in which mutant lamin A protein remains persistently farnesylated and anchored in the nuclear membrane, leading to its aberrant behavior during interphase and mitosis [103, 104] . Numerous studies have shown that treating HGPS cells with FTIs can block, and possibly even reverse, abnormalities caused by mutant lamin A (recently reviewed by in [127] ). Furthermore, in animal models of HGPS, treatment with an FTI (ABT-100) has also been found to attenuate several of progeroid phenotypes with respect to body weight, fat deposition, and bone density, and increased life expectancy [128, 129] . A more recent study demonstrated that treatment with an FTI (R115777, Zarnestra) retards the onset, as well as the progression, of cardiovascular diseases in the human mutant lamin A transgenic mouse model [130] . These successful findings in animal models are the driving force for the initiation of clinical trials using FTIs to ameliorate or reverse the disease process in progeria children [131] . In addition, a short-term treatment with an FTI has been shown to aid the therapy for cardiovascular disease by inhibiting neointima formation and preventing restenosis after balloon angioplasty [132] .
The therapeutic potential of FTIs for parasitic diseases (such as malaria) has also been explored [133] . These FTIs have been designed specifically to inhibit parasitic FT but not mammalian FT [134, 135] . In addition, some viruses (such as hepatitis D virus) depend on protein farnesylation for their virion assembly. Thus, FTIs have been tested for their antiviral activity and shown to be highly effective at clearing viremia in mice infected with hepatitis D virus [136] , suggesting their potential as an antiviral agent.
A potential neurological application of FTIs has also emerged recently. FTIs have been used to rescue synaptic and cognitive deficits caused by overactivation of farnesylated proteins. For instance, members in the Ras superfamily, many of which depends on farnesylation for their function, play important roles in neuronal plasticity and memory formation [137] . Treatment with an FTI (BMS 191563) attenuates the activity of mutant Ras and reverses learning and memory impairment in a mouse model of NF1 [138] . As discussed earlier, farnesylation of H-Ras negatively regulates synaptic plasticity [90] [91] [92] and genetic deletion of H-Ras leads to the enhancement of hippocampal LTP [92] . Consistent with these findings, recently we have shown that an FTI (FTI-277) enhances the magnitude of LTP in the hippocampus of WT mice [87] , implicating the potential of FTIs as a modulator of synaptic function even under normal non-diseased conditions. Whether FTIs have any effects on the development of Alzheimer's disease has not been investigated. However, the recent finding that the level of FPP is elevated in the brain of AD patients [93] suggests that the abundance of farnesylated proteins could be increased, contributing to the pathogenesis of AD. Therefore, use of FTIs could potentially offer beneficial effects on AD. In addition to small GTPases, FTIs can modify the function of other farnesylated proteins. Recently, an FTI (FTI-277) was found to attenuate alphasynuclein-induced neurotoxicity by reducing the membrane association of farnesylated ubiquitin C-terminal hydrolase-L1 (UCH-L1) that is linked to Parkinson's disease (PD) and memory [139] .
Geranylgeranyl Transferase Inhibitors
The finding that some farnesylated proteins, such as K-Ras and N-Ras, can escape FTI-mediated inhibition and remain fully functional via geranylgeranylation by GGT underscores the importance of developing GGTIs, as well as FTIs, for cancer therapy. The benefits of simultaneous inhibition of FT and GGT against tumorigenesis were further supported by conditional knockout mouse models, in which simultaneous ablation of FT and GGT produced a far greater effect on mutant K-Ras induced lung cancer onset and progression than either deletion alone [116] . Several GGTIs have been developed, and similar to FTIs, GGTIs have been shown to inhibit tumor cell growth in cultured cells and in animal models [113] . One GGTI (GGTI-2418) is currently being tested in clinical trials ( [140] ; Table 3 ). The application of GGTIs in diseases other than cancers has also been explored. GGTIs may be able to facilitate the therapy for cardiovascular disease by blocking neointima formation after balloon angioplasty and improving endothelial function (upregulation of nitric oxide synthase), through inhibition of RhoA and Rac1 [141, 142] . Also, several studies have shown that GGTIs can directly act on neuronal cells and the central nervous system. In rat hippocampal neurons, a GGTI (GGTI-286) enhances neuritogenesis [68] . Similarly, GGTI-286 promotes neurite outgrowth in the culture of rat embryonic cortex explants and postnatal spinal cord explants, suggesting its potential in promoting axon regeneration in brain and spinal cord injury [143] . Another GGTI, GGTI-298, has been shown to enhance survival, proliferation, and differentiation of cultured glial cells and promote myelin repair in a rat model of experimental autoimmune encephalomyelitis [45] . In addition, the fact that more proteins are subjected to geranylgeranylation than farnesylation [144] suggests that GGTIs could play an even broader modulatory role than FTIs. For example, small GTPases such as Rho and Rac, which require geranylgeranylation to function properly, are implicated in regulating APP/Aβ metabolism [25] [26] [27] , neuronal migration and development [145] , axon extension and dendritic structure [146] , and neuronal plasticity and memory formation [147] . Therefore, GGTIs may be a potential therapeutic agent for AD and other cognitive impairment disorders.
Conclusions and Perspectives
Development of isoprenoid-and prenylation-related interventions has been spurred by the importance of growing numbers of prenylated proteins in health and disease [148] . Although remarkable progress has been made toward the treatment of cardiovascular and bone diseases and some forms of cancers, the full therapeutic potential of isoprenoid-and prenylationrelated agents remains to be achieved.
One of the challenges facing the field of prenylation is the enormous scope and complexity of prenylated proteins. Even though numerous biologically important proteins have been identified to undergo prenylation [2] , the exact size of the prenylome is unknown [149] . Based on the literature, several hundred proteins are subjected to prenylation [113, 148] . The impact of prenylated proteins certainly extends beyond what has been shown experimentally. Most of the studies have focused on the prenylation of individual proteins and therefore have only touched the tip of the iceberg. Recently, methods are being developed to characterize protein prenylation globally. One approach is to label cellular proteins with detectable FPP and/or GGPP analogs [150] [151] [152] [153] [154] and another approach uses a sequence-based computer program specially designed to predict if proteins are prenylated [149] . Application of these approaches will enable a quantitative proteome-wide analysis of the regulation of protein prenylation and its modulation by therapeutic agents. Also, as these techniques become feasible in general laboratories and clinics, prenylomic profiling of individuals can be performed to facilitate personalized medicine, decoding inter-individual differences in the response to therapeutic agents.
Finally, to develop highly selective and effective therapeutic agents, it will be crucial to identify specific prenylated proteins that play critical roles in the pathogenesis of relevant diseases. Recently generated conditional knockout mice, in which FT and GGT activities can be ablated in a tissuespecific manner [116] , provide an invaluable in vivo model system to investigate the entire spectrum of influence of prenylation inhibition. In conjunction with aforementioned approaches to characterize the prenylome, these animal models offer an unprecedented opportunity for elucidating the mechanisms of disease, identifying and validating therapeutic targets, and ultimately improving the outcomes of clinical trials.
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